Introduction
The application of low-frequency acoustic methods for nondestructive testing has a very long history, probably originating with a simple tap technique. These techniques have been successfully applied to a variety of materials and are widely used for the assessment of the quality of bonded sheet metals. They have also proved useful in the NDE of composite materials, particularly honeycomb panels. Three 'low-frequency' methods have been widely developed and implemented in commercial NDT instruments. These are commonly termed 'Membrane Resonance', 'Mechanical Impedance' and 'Velocimetric' methods, each of which has been carefully studied and placed on a more scientific footing by the work of Cawley and Adams (1) (2) (3) (4) among others. In general, the minimum detectable defect size, or sensitivity, of each of these low-frequency methods is highly dependent on defect depth and size, limiting their application to relatively large or shallow defects. Since access to both sides of a panel is rare, single-sided inspection is usually a necessity. Whilst the three lowfrequency methods mentioned above have been found to adequately detect and size near-side defects in honeycomb panels, such as those arising from impacts and disbonds on the near-side skin, their ability to resolve equivalent far-side defects has been found to be limited, giving, at best, a diffuse image of the defect. This paper describes a new 'Thickness-Resonance' technique that is simple to implement and overcomes limitations of current methods in respect of far-side defects in honeycomb panels.
This new technique is related to another low-frequency method, often referred to as the 'Resonance' method. As its name suggests, the resonance method excites the probe at its resonant frequency, while changes in the impedance of the probe, caused by the presence of defects, are used to locate damage. The principle of the new thickness-resonance technique is simply to locally excite the through-thickness resonance of the honeycomb panel, while monitoring the local response of the panel; the presence of a defect is indicated by a change in panel response, as the local resonant condition is highly sensitive to the presence of defects, irrespective of their depth within the panel.
The first section of this paper introduces the analytical modelling used to predict the frequency and mode shape of thickness resonances associated with honeycomb panels constructed with carbon fibre reinforced plastic (CFRP) skins and Nomex ® honeycomb core. Included in this section is the experimental validation of the analytical model. The second section presents the experimental results obtained using the thickness-resonance method, and provides an indication of defect detectability for this technique.
Honeycomb panel modelling

Mathematical formulation
To analyse the low-frequency response of honeycomb panels, a model was constructed as shown in Figure 1 . This comprised two 'thin plates' representing the honeycomb skins, set apart by a distance H corresponding to the thickness of the core. The excitation force F0 is applied to a point on the external surface of the lower plate, which corresponds with the origin of a cylindrical coordinate system. It was assumed that all displacements are axi-symmetric about the z-axis, thus the angular coordinate is neglected. The upper and lower skins were modelled as circular plates of radius R with clamped edges. For aerospace structures, the honeycomb core invariably consists of cell walls made from a solid material, such as coated paper or aluminium, with air-filled cavities. Each of these two components was modelled as an independent acoustic channel between the skin plates. The air component was represented as an acoustic channel with density ρ a , supporting the propagation of compression waves with velocity ca. Similarly, the solid component was modelled as an acoustic channel with density ρ s , supporting compression waves with velocity cs.
The following simplifying assumptions were made: (i) Acoustic energy transmitted through the sheet material that forms the solid component of the core is carried by a complex set of guided waves. However, the velocity of this transmission, when measured experimentally over the short core-thickness distances, proved relatively non-dispersive and consistent across a sample set of core material. This measured velocity was therefore assumed to be the velocity of acoustic transmission through the core, in the frequency band of interest. (ii) Structural damping was neglected, since the absolute magnitude of the resonance is not a required output of the model at this time.
The model treats the system as two circular diaphragms (the skins), each with clamped edges, whilst the core is treated as an acoustic loading of one side of each diaphragm. Application of a harmonic excitation force F0 to Plate 1 (near-side skin), at a frequency ω, results in vibration of the plates. The vibration of each plate is the superposition of normal modes of the circular diaphragm with clamped edges. The equations of motion for circular diaphragm (thin plate) under Mindlin-bending assumptions can be found in several reference texts (5) . The equation for the bottom plate includes the applied excitation F0, whilst the equations of both plates include forcing terms due to the acoustic loading of the solid and air components of the core, Pa and Ps. The acoustic forces in the core are expressed as the superposition of upward and downward propagating sinusoidal waves in each of the air and solid component channels.
The resulting equations were solved using linear algebra for each mode m, followed by summing over all the modes to give the required mode displacement parameters u(r) and v(r) at a given frequency. The mode series converges very quickly, so that higherorder modes may be discarded and the series was limited to just the first ten modes. This is reasonable, provided that the modal frequency of a discarded mode is much higher than any frequency to be used in the experimental analysis.
Solutions to the equations, in matrix form, were calculated over a range of frequencies using MATLAB ® and the mean-squared values of u(r) and v(r) were plotted against frequency.
Panel modelling results
A typical frequency-response output of the analytical model is shown in Figure 2 . This plots the mean-squared displacement of the upper and lower plates illustrated in Figure 1 (Plate 1 and Plate 2 respectively) at the point of loading (r = 0) as a function of frequency. In this example the panel has 2.0 mm-thick skins, separated by a 10 mm-thick core.
The graph indicates that the forced skin (Plate 1) exhibits an antiresonance at approximately 11.6 kHz, at which the displacement amplitude of this skin reaches a minimum. Mode shape analysis at this frequency indicates that both skins are vibrating in phase, with the displacement amplitude of the forced skin considerably lower. At a frequency of 16.6 kHz, both plates exhibit a resonant condition in which the displacement amplitudes are at a maximum. The predicted mode shape of the plates at 16.6 kHz is presented in Figure 3 , indicating an out-of-phase vibration of the skins at this frequency, with equal displacement amplitude.
Similar behaviour was predicted for all the panels, with the resonances and anti-resonances occurring at characteristic frequencies based on the core and skin thicknesses. 
Experimental validation
In order to validate the model, a set of flat honeycomb panels 600 mm square, with a range of skin and core thickness, were fabricated to aerospace standards. CFRP pre-preg material was used to manufacture the quasi-isotropic skins, which were bonded to Nomex honeycomb cores with a 3 mm cell size using a film adhesive. Six panels were fabricated: one set with 1.0 mm-thick skins and 10, 20 and 25 mm-thick honeycomb cores, and a second set with 2.0 mm-thick skins and 10, 20 and 25 mm-thick cores.
To validate the mathematical model predictions of resonant and anti-resonant frequency response, a Sonic ® S-PC-P11 pitch-catch transducer was placed at the centre of a honeycomb panel. Using a break-out box it was possible to address the drive and receive elements as required. A Tektronix AFG5101 programmable/ arbitrary function generator was used to generate a continuous 2.0 Vpp sinusoidal drive signal, which was used to excite the transmitter element of the transducer. The output of the receiver element, located 17 mm from the transmitter, was amplified and filtered using custom electronics. A LeCroy 9400 oscilloscope was used to measure the amplitude of the received signal as a function of the excitation frequency. Figure 4 presents a typical frequency-amplitude trace obtained from a honeycomb panel with 2.0 mm-thick skins and a core thickness of 20 mm.
Other panels all exhibited similar responses, from which their characteristic resonant and anti-resonant frequencies were measured. Tables of these values, together with the model predictions (shown in brackets), are presented in Table 1 .
Model predicted frequencies were found to coincide closely with the experimentally-determined values. A noticeable feature of the results is that both resonant and anti-resonant frequencies for the 2.0 mm-thick panels are all underestimated. This discrepancy may have arisen from the modelling assumptions outlined earlier, but another likely source of this error is that the elastic properties of the skin material were obtained from literature published by the manufacturer.
Having established the resonance characteristics for each panel, it was possible to perform thickness-resonance scans at these frequencies.
Thickness-resonance testing
Simulated impact damage was introduced into each quadrant of the panels by means of an instrumented drop-weight impact machine. A steel hemispherical tup, 50 mm in diameter, was dropped onto the specimen surface from various heights, to create impact energies of 5 J, 10 J, 15 J and 20 J. A 3 mm-thick rubber sheet was placed on the surface of the sample to minimise damage in the skin itself. The predominant damage induced using this technique has been shown, in previous work at QinetiQ, to be core-crushing.
In addition to the 'impact panels', two panels were manufactured with skin de-laminations, skin-adhesive disbonds and adhesivecore disbonds, each being produced by inserting a double layer of polytetrafluoroethane (PTFE) at the required interface during manufacture. Defects were produced in a range of sizes to assess the sensitivity of the inspection technique, and maps of these 'artificial defect' panels are shown in Figure 5 . Each panel was inspected from both sides using the thicknessresonance technique. ANDSCAN ®(6) , being capable of waveform transmission and reception, together with motion control and image generation, was used to implement the technique and custom electronics were used to condition, amplify and filter the transmitted and received waveforms. A Sonic ® S-PC-P11 pitch-catch probe from Staveley NDT Instruments was employed, identical to that used to determine the panel frequency response. A spring-loaded, gimballed holder ensured the probe remained in contact with, and perpendicular to, the panel's surface during scanning. The panel was placed on the bed of a scanning frame and covered with a PTFE sheet to reduce the effect of surface roughness of the panel skins, enabling the probe tips to slide easily over the panel during scanning. This increased the signal-to-noise ratio, and reduced wear on the probe tips. The maximum scanning speed was 20 mm s -1 , above which the received waveform became dominated by surface frictional noise.
The probe was driven with a continuous, sinusoidal signal with an amplitude of 2.0 Vpp, while the received waveform was amplified and filtered prior to being digitised using the full-waveform-capture capability of ANDSCAN ® . Each panel was inspected from both sides at the experimentally determined resonant and anti-resonant frequencies measured in Section 2.3.
Results and discussion
For scans performed at the panel anti-resonance, defects were identified by their characteristic increases in the signal amplitude while, for the resonance scans, defects were typically characterised by a reduction in signal amplitude. It was found that scanning at the panel's anti-resonance and looking for characteristic increases in signal amplitude gave a stronger indication of defect location compared to scans performed at the panel resonance.
Impact panel testing
Images obtained from the full range of impact-damaged panels are shown in Figure 6 and Figure 7 . Two C-scan images of signal amplitude are presented for each panel; these images relate to scans obtained with the probe placed in contact with the front side (the impacted side) and rear side (blind-side).
All impact-type defects in the full range of manufactured panels were detected. Thus, the defect detectability limits of this technique for impact-induced core crushing remain undefined until smaller defects are included in the data set.
Defects are seen to increase in size with increasing impact energy, as expected, but the most notable observation is that defects are clearly detectable from inspections made from either side of the panel, with very little difference in the contrast. Furthermore, the apparent defect size remains the same, irrespective of which face the probe is coupled to. This is not the case with other lowfrequency techniques.
Of all the panel images presented, those with 1.0 mm-thick skins and a 10 mm-thick core have poorer defect contrast. This is a result of the panel anti-resonance frequency (23.0 kHz) falling close to that of a probe resonance, which occurs at approximately 20 kHz. The signal amplitude is thus dominated at this frequency by the strong resonant response of the probe. A new probe design is essential for obtaining defect signatures free from anomalous influences that detrimentally affect the implementation of the technique. This new probe must have transducer elements that have a flat response over a frequency band that includes the thicknessresonance of an appropriate set of panels.
Artificial defect panel testing
Defects in the artificial-defect panels, which contained a range of adhesive-core, adhesive-skin and skin-delamination defects, were more difficult to detect. This can be seen by examining the images obtained from these panels, shown in Figure 8 , in conjunction with the defect maps for these panels ( Figure 5 ).
Unlike the impact-damage panels, amplitude analysis of the artificial defect panels does not find all the defects. Of the defects present in the panels, the adhesive-core disbonds provide the largest change in signal amplitude and are therefore the most detectable.
Of the panels with 1.0 mm-thick skins, adhesive-core defects of 30 mm were detected, whilst in the panels with 2.0 mm-thick skins, the minimum detectable defect size increased to 50 mm. Skinadhesive defects were more difficult to identify, with minimum detectable sizes of 50 mm in the panels with 1.0 mm-thick skins, and no defects detected in the 2.0 mm skinned panels. Similarly, skin-delamination defects in both panels remained undetected using this technique.
It is possible to improve on these defect detectability limits, using an alternative analysis method. For example, in addition to amplitude analysis, it is possible to measure the phase, or time of flight, of the signal. This was achieved by using a gate, positioned over one cycle of the received signal, and measuring the temporal position of the cycle peak; thus, changes in the phase of the signal were recorded as a time shift. At present, only artificial defect panels have been scanned at resonance and analysed using this method; the results are presented in Figure 9 .
For the 1.0 mm-thick skinned panel, the phase analysis has similar adhesive-core and skin-adhesive defect detectability to that obtained using the anti-resonance, amplitude-based analysis. However, the benefit of the phase analysis is that skin-delamination defects are detected. Interestingly, of the two delamination depths (0.5 mm and 0.25 mm from the top skin), those closest to the surface remain undetected. Deeper defects with dimensions of 20 mm, or greater, are detected.
The scans of the 2.0 mm-thick skinned panel revealed significantly more defects than the anti-resonance, amplitudebased analysis, which was only able to detect large adhesive-core defects. In phase analysis, adhesive-core defects with sizes down to 30 mm are detected; skin-adhesive defects, down to 50 mm, and some skin-delamination defects are also visible.
Adhesive-core and skin-adhesive disbonds defects were equally detectable from front and rear surface scans, as in all the previous C-scan images. However, skin-delamination defects were only detectable when the probe is coupled to the delaminated skin. Phase analysis is unable to distinguish a skin delamination from the surrounding undamaged material, when the probe is positioned on the remote skin.
Future work
Improvements to the thickness-resonance technique will no doubt arise from an improved understanding of the underlying mechanics of the test. In part, this will be achieved through improved analytical modelling, particularly with respect to the phase information that has been shown to facilitate defect detection.
Improvements in experimental data, achieved through better probe design, will also play a role. Currently, a strong probe resonance occurs at approximately 20 kHz, within the 10-25 kHz resonance range of the panels tested in this study. This leads to a difficulty in the interpretation of the data. Thus, a probe with a flat response over the frequency range of interest is a high priority.
To date only single-frequency excitation has been employed, typically scanning at the panel's anti-resonance frequency. Making use of chirp excitation should enable defect detection in panels with varying thickness-resonance frequencies, such as panels with varying skin or core thickness, material properties, or local boundary conditions. Advanced analysis methods, which are expected to include gating in frequency domain, should lead to further enhancement of this technique's detection capabilities.
Conclusions
Whilst the new thickness-resonance technique is very simple, both in principle and application, it is the capability to detect common defects in honeycomb panels with equal ease from either front or rear side that is the most promising inspection attribute. The principles of this technique have been studied using an analytical model that accurately predicts the through-thickness resonant and anti-resonant frequencies of honeycomb panels, and provides an indication of the vibration mode shape.
Scans performed at the panel's anti-resonant frequency were able to readily detect core-crushing defects, resulting from impact damage. This sensitivity to core crushing appears to be independent of core and skin thickness over the ranges used in this research. Skin-to-core disbonds and delaminations within the skin become more difficult to detect with increasing skin thickness, although alternative analysis methods, such as phase images, have shown a potential to reveal smaller defects of these types than amplitude images alone. Internal delaminations within the composite skins were only detectable using the phase method and could not be detected at all when inspecting from the far side of the panel with the current implementation.
Further modelling and experimentation is needed to fully understand the thickness-resonance method, and thus the sensitivity and defect detection capability of this technique should improve over that presented in this first paper.
It must be emphasised that the new technique does not require the excitation signal to be 'tuned' to a particular defect type or size. Neither does it require the bandwidth of the excitation signal to cover the resonant frequencies of all the defects, as is the case for the membrane-resonance technique (7) . By testing at the antiresonant frequency of the panel, any defect that causes a local variation in the resonance characteristics will be detected. What is perhaps most promising about this technique is that impacts and bond-line defects can be detected equally well with inspections made from either the front or rear of the panel.
Most in-service defects are likely to be a result of impacts and the improved detectability offered by the thickness-resonance technique represents a significant advancement in inspection practices for honeycomb panels.
